One sentence summary: Agt1 exports trehalose from the cytosol to the outside of the lipid bilayer for full protection of membranes against stress. Ath1 hydrolyzes the outside trehalose during stress recovery. Editor: Jens Nielsen
transported to the outside and degraded when cells return to 28
• C. According to our results, the lack of Agt1, a trehalose transporter, although had not affected trehalose synthesis, reduced cell tolerance to 51
• C and increased lipid peroxidation.
The damage was reversed when external trehalose was added during 40
• C adaptation, confirming that the reason for the agt1 sensitivity is the absence of trehalose at the outside of the lipid bilayer. The 40-28
• C condition caused cytosolic trehalase (Nth1) activation, reducing intracellular trehalose and, consequently, the survival rates after 51 • C. Although lower than nth1 strain, cells deficient in acid trehalase (ath1 ) maintained increased trehalose levels after 40
• C-28
• C shift, which conferred protection against 51 • C. Both Ath1 and Agt1 were found into vesicles near to plasma membrane in response to stress. This suggests that Agt1 containing vesicles would fuse with the membrane under 40
• C to transport part of the cytosolic trehalose to the outside. By a similar mechanism, Ath1 would reach the cell surface to hydrolyze the external trehalose but only when the stress would be over. Corroborating this conclusion, Ath1 activity in soluble cell-free extracts increased after 40 • C adaptation but decreased when cells returned to 28
• C. During 40
• C, Ath1 is confined into vesicles, avoiding the cleavage of the outside trehalose.
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INTRODUCTION
Trehalose (α-D-glucopyranosyl-α-D-glucopyranoside) is a nonreducing disaccharide found in different species but not in vertebrates (Jain and Roy 2009) . Its levels increase as a response to stress conditions, such as dehydration, temperature increase, oxidative stress and glucose starvation (Hottiger, Schmutz and Wiemken 1987) . The ability of anhydrobiotes to survive great periods of extreme desiccation is associated to high trehalose levels found in these organisms (Iturriaga, Suárez and Nova-Franco 2009 ). Trehalose synthesis is also crucial for virulence of pathogens, such as Mycobacterium tuberculosis, Candida albicans and Cryptococcus neoformans (Magalhães et al. 2017) . Thus, to understand how trehalose confers protection to these organisms has significant practical implications for therapeutic and biotechnological applications. Trehalose prevents proteins from denaturing and suppresses the aggregation of denatured protein (Singer and Lindquist 1998) . The OH groups in trehalose interact with the polar head groups of phospholipids to stabilize dry membranes in anhydrobiotic organisms (Crowe, Crowe and Chapman 1984) . Another characteristic is that trehalose is a kosmotrope: studies using an agar-gelation model system showed that trehalose can offset the chaotropic activity of different stressors, such as methanol, ethanol, propanol, butanol and phenol (Iturriaga, Suárez and Nova-Franco 2009; Cray et al. 2013) . The disaccharide seems to mitigate the denaturing effects of chaotropicity by stabilizing the structure of macromolecular systems, such as membranes (Cray et al. 2015) . Trehalose is needed on both sides of the lipid bilayer for effective protection against some kinds of stress. Trehalose on both sides of the lipid bilayer (i) inhibited the leakage of a fluorescent probe from dry/rehydrated-liposomes (Crowe and Crowe 1984) ; (ii) avoided the leakage of electrolytes from yeast cells submitted to ethanol stress (Mansure et al. 1994) ; (iii) endowed yeast cells with desiccation tolerance (Eleutherio, Araujo and Panek 1993) . As trehalose is synthesized in cytosol, an important question is how this sugar reaches the outside of the plasma membrane. Some works have pointed out that Agt1 might perform this task in Saccharomyces cerevisiae submitted to different stressors, such as oxidants and ethanol (da Costa Morato Nery et al. 2008; Trevisol et al. 2011) . Agt1 (Alpha-glucoside transporter) has a broader specificity range which includes trehalose transport (Han et al. 1995) . Agt1 is a high affinity H + -symporter (Km = 4 mM) whose expression is induced after glucose exhaustion, a condition which leads to trehalose accumulation (Stambuk et al. 1998) . Since Agt1 Km is low, it is necessary for the constitutive overexpression of Agt1 together with the addition of high trehalose levels (in the range of 1%-10% w/v) to increase stress tolerance of cells lacking trehalose's biosynthesis (Gibney et al. 2015; Tapia et al. 2015) . This reinforces the idea that the main physiological role of Agt1 might be the transport of trehalose from the cytosol to the cellular surface. Non-stressed cells of S. cerevisiae synthesize trehalose in response to a mild stress, like a temperature shift from 28 to 40
• C.
Shifting back to 28
• C induces trehalose hydrolysis (Eleutherio et al. 2015) . Nth1-trehalase is responsible for degradation of intracellular trehalose. This enzyme is activated by cAMPdependent protein kinase (PKA) phosphorylation during stress recovery; S. cerevisiae also contains another trehalase, Ath1 (acid trehalase), whose optimum pH is around 5. Ath1 is regulated by catabolite repression but not by PKA-phosphorylation (Maicas, Guirao-Abad and Argüelles 2016) . This enzyme seems to be necessary for the utilization of extracellular trehalose (Parrou et al. 2005) . Ath1 lack causes a lower effect on the intracellular levels of trehalose than Nth1, probably because Ath1 localization prevents hydrolysis of cytosolic trehalose (He et al. 2009 ). Ath1 is a transmembrane glycoprotein type II, which is exported from the vacuole by MVB (Multivesicular Body) pathway (Huang, Reggiori and Klionsky 2007) . There are some controversies about Ath1 localization and role. Some works show that Ath1 is localized exclusively into vacuole (Huang, Reggiori and Klionsky 2007) , periplasmic space (as a free protein or being linked with the plasma membrane) (Jules et al. 2004) or even at both (He et al. 2009 ). Since the presence of free trehalose in nature is very rare, but yeast cells accumulated high levels of this disaccharide (over 20% of the cell dry weight), it has been proposed that Ath1 might hydrolyze trehalose released from lysed cells to provide energy for the remaining viable yeast population under severe starvation (Maicas, Guirao-Abad and Argüelles 2016) . Another possible role for Ath1 would be the hydrolysis of trehalose present in the external surface of the plasma membrane. Up till now, it is unknown how external trehalose, attached to the outside of the lipid bilayer, is hydrolyzed when cells return to non-stress conditions. In this work, using S. cerevisiae as experimental model, we investigated the physiological roles of Ath1 and Nth1 trehalases and Agt1 transporter in response to temperature shifts.
MATERIAL AND METHODS

Growth conditions and stress
Saccharomyces cerevisiae strains used in this work are listed in Table 1 . Cells were grown in a rotary shaker at 28
• C /160 rpm in liquid SC medium (2.0% glucose, 0.7% yeast nitrogen base without amino acids and 0.2% yeast synthetic complete drop-out media supplement) until mid-log growth phase. The yeast culture was submitted to different temperature shifts. Cells were directly exposed to 51
• C/8 min at 160 rpm (severe heat stress), or transferred to 40
• C/1 h/160 rpm before being exposed to 51
Part of the culture adapted at 40
• C was transferred back to 28
• C/1 h at 160 rpm (stress recovery) and then exposed to 51 • C. Alternatively, trehalose (10% w/v) was added to cell culture before exposure to 51 • C.
Trehalose levels and trehalase activity
Intracellular trehalose was extracted and determined as previously described (Trevisol et al. 2014) . Enzyme activities were analyzed in yeast-soluble cell-free extracts prepared as described by Panek et al. (1987) . Protein was determined according to Stickland (1951) using bovine serum albumin as standard. Neutral and acid trehalase activities were determined as described by Souza et al. (2002) and Mittenbühler and Holzer (1988) , respectively. One unit (U) of trehalase activity is defined as the production of 1 μmol glucose per min.
Thermotolerance
Cell viability was determined by plating diluted yeast culture samples on solid YPD medium (2% glucose, 1% yeast extract, 2% peptone and 2% agar). The plates were incubated at 28
• C for 72 h and the number of colonies was quantified. Cell viability was expressed as the percentage of colony forming units [(ratio between the number of yeast colonies after and before 51 • C stress) × 100]. 
Lipid peroxidation
Cells were harvested by centrifugation and washed twice with distilled water. The pellets were suspended in 500 μL of 10% TCA-trichloroacetic acid (w/v) and 1.5 g of glass beads were added. The samples were lysed by six cycles of 20 s agitation on a vortex mixer followed by 20 s on ice. The extracts were used for detection of lipid peroxidation through ThioBarbituric Acid Reactive Species (TBARS) method (Rona et al. 2016 ).
Fluorescence and microscopy
Fluorescent images were obtained with 100× magnification using a Zeiss Observer. Z1 microscope (Zeiss) equipped with a CSU-X1 A1 confocal scanner unit (YOKOGAWA), QuantEM:512SC digital camera (Photometrics) and SlideBook 6.0 software package (Intelligent Imaging Innovations).
Statistical analysis
The results were expressed as mean ± standard deviation of at least three independent experiments. Statistical differences were tested using one-way ANOVA.
RESULTS
Effect of adaptive heat stress and recovery on trehalose accumulation and trehalase activity
As expected, none of the strains showed significant amounts of trehalose at 28
• C (Fig. 1 ). This temperature and the medium rich in glucose are ideal for yeast growth, ensuring that the cells are not under stress. However, in response to a mild increase in temperature, yeast cells activate their defense system, including trehalose synthesis, as a prelude to stress adaptation (Eleutherio et al. 2015) . The first step of this work was defining a situation that induces trehalose accumulation. We chose the temperature shift from 28 to 40
• C, which led to a 5-9 fold increase in the concentration of intracellular trehalose (Fig. 1) . The highest levels were observed in nth1 cells. Trehalose concentration decreased when cells were shifted back from 40 to 28
• C (stress recovery), except in nth1 strain, which maintained increased trehalose levels. Interestingly, trehalose levels were two-fold higher in ath1 than in WT strain after the return to 28
• C. Trehalose accumulation profiles of agt1 and WT strains were similar, leading us to conclude that Agt1 does not influence neither synthesis nor degradation of trehalose. Neutral and acid trehalase activities were assessed in soluble cell-free extracts of WT strain (Fig. 2) . At 28
• C, both trehalases had low activities but showed opposite profiles in response to heating and stress recovery. Acid trehalase was induced after exposure to 40 • C. According to Fig. 3 , Ath1 is found into compartments localized near the plasma membrane. On the other hand, neutral trehalase activity remained low in response to 40
• C, increasing around four-fold after stress recovery. This explains why trehalose levels decreased significantly in all Nth1-expressing strains after the 40 (Fig. 1) . When cells returned to 28
• C, Ath1 activity in soluble cell-free extract decreased ( Fig. 2B ), suggesting that Ath1 migrates from vesicles to cell surface.
Agt1 and trehalase contributions to thermotolerance and membrane protection
To better understand the roles of Agt1 and trehalases on the mechanism by which trehalose confers protection against adverse conditions, next, we analyzed thermotolerance and lipid peroxidation after exposure to 51
As can be seen in Fig. 4 , the direct exposure of dividing yeasts to 51
• C is lethal: all strains showed survival rates below 10%. The survival increased when cells were pretreated at 40
• C, confirming that this temperature is an adaptive condition for subsequent severe stress (De Virgilio et al. 1994) . The 40
• C-
28
• C shift, a stress recovery signal, decreased thermotolerance of Nth1-expressing strains. The lack of Agt1 impaired cell capacity to withstand a severe stress: the survival rates of agt1 cells adapted at 40
• C were half of the WT. This suggests that cytosolic trehalose is not enough to confer full protection since agt1 cells accumulated equal amounts of the disaccharide as WT (Fig. 1) . Addition of trehalose (10% w/v) to cell culture treated at 40
• C increased the survival rates of the agt1 strain, confirming that the reason for the lower thermotolerance of the agt1 strain is indeed the absence of trehalose at the outside of the lipid bilayer of the plasma membrane. Contrary to agt1 , addition of trehalose to WT cells treated at 40
• C did not increase tolerance, probably because WT strain already had enough trehalose in the cytosol and in the cellular surface to confer maximum protection. Trehalose supplementation to cells lacking intracellular trehalose (28 • C or 28-40-28
• C) also increased the survival rates of WT and agt1 strains after 51
• C stress. Cells deficient in Ath1, maintained increased survival rates even when shifted back from 40 to 28
• C before being stressed. After the 40-
28-51
• C shift, 42% of ath1 cells stayed alive versus 3% of WT.
This mutant retained 20 μg/mg cell of the 40
• C accumulated trehalose after stress recovery (Fig. 1) . Since Ath1 seems to be responsible for hydrolysis of external trehalose (Maicas, GuiraoAbad and Argüelles 2016), we concluded that it is the trehalose content which was exported from the cytosol to the cellular surface and which was able to maintain increased survival rates against heat shock even when the intracellular trehalose were degraded by Nth1. Temperature increase is another source of ROS (reactive oxygen species) (Kim et al. 2006) . One of the most important targets for ROS are the unsaturated fatty acids, leading to lipid peroxidation and, consequently, to the loss of membrane properties (e.g. selectivity) (Oku et al. 2003) . According to Fig. 5 , 51
• C stress increased the levels of lipid peroxidation, which can be associated with the low survival rates (Fig. 4) . These levels decreased when cells were previously treated at 40 • C, a condition which induced trehalose accumulation (Fig. 1) . The gain in protection against lipid oxidation was lost when cells were shifted from 40 to 28
• C before being stressed. The return to 28
• C yielded trehalose degradation (Fig. 1) . Agt1, besides trehalose, showed to be important to avoid membrane damage caused by heat stress (Fig. 5) . In agt1 and WT strains, the levels of lipid peroxidation increased around two-fold after direct exposure to 51
• C but in the mutant, contrary to WT, the pre-adaptation at 40
• C did not decrease lipid peroxidation to the values of the control condition. In agt1 , the levels of lipid peroxidation after 28-40-51
• C shifts were 70%
higher compared to the non-stress condition (at 28 • C). Addition of trehalose to agt1 cells treated at 40
• C, contrary to WT strain, decreased lipid peroxidation caused by 51 • C, restoring the levels observed in non-stressed cells (28 • C). These results corroborate the idea that Agt1 exports trehalose during stress, endowing the external side of the lipid bilayer with trehalose protection. As can be seen in Fig. 6 , Agt1 is localized into vesicles near the cell surface in response to heating. The lack of at least one trehalase was beneficial to maintain membrane protection even after the stress recovery (Fig. 5) . The levels of lipid peroxidation after the 40-28-51
• C, as occurred in response to 40
• C-51
• C shift, were low and similar between nth1 and ath1 strains. Thus, the maintenance of intracellular or extracellular trehalose (as occurred in nth1 or ath1 strains, respectively, during stress recovery) is enough to avoid oxidative damage to plasma membrane caused by heat shock. After 40 • C-28
• C shift, nth1 and ath1 cells retained 69 and 20 μg trehalose/mg cells; they are cytosolic and, probably, external trehalose pools, respectively (Fig. 1) . In nth1 , the difference in trehalose content between 28
• C40
• C and 40
• C conditions is around 20 μg trehalose/mg cells, confirming that is the quantity of trehalose at the external face of the lipid bilayer which seems to be enough to stabilize the membrane and increase thermotolerance. Confirming that the presence of external trehalose is enough to confer some protection, addition of trehalose to cells lacking intracellular trehalose reduced lipid peroxidation of WT and agt1 strains after 51 • C stress (Fig. 5) . 
DISCUSSION
The activation of trehalose synthesis is a strategy used by a wide range of organisms, including S. cerevisiae, to increase tolerance against adverse environmental conditions, such as high temperatures (Tran et al. 2016) . Especially for yeast, there is a lot of information about the regulation of trehalose metabolism (Rubio-Teixeira, van Zeebroeck and Thevelein 2016). However, some points remain undefined such as the roles of Agt1 and Ath1 in the mechanism by which trehalose confers protection. Trehalose synthesis is not observed during the first exponential phase of growth (non-stress condition) due to the strong catabolite repression exerted by glucose over the expression of some units of the trehalose synthesis complex, TPS. TPS expression is induced after glucose exhaustion or in response to stress (Eleutherio et al. 2015) . Under stress, Nth1 is unphosphorylated, and, consequently, non-active. When the stress is over, both TPS complex and Nth1 are phosphorylated by PKA, stopping synthesis and initiating trehalose hydrolysis in cytosol (Trevisol et al. 2014) . The acid trehalase, Ath1, is not regulated by phosphorylation; instead, like TPS, its expression suffers catabolite repression, being induced in response to glucose starvation (Maicas, Guirao-Abad and Argüelles 2016). Thus, the first question is why does trehalose accumulate during stress since Ath1 would be activated? Another question is, if the literature pointed out the need of trehalose on both sides of the lipid bilayer to properly stabilize membrane structure, how does it get the outside if the synthesis occurs in the cytosol? And, finally, how would this external trehalose be degraded when stress is over? Agt1 is a H + -dependent trehalose symporter usually associated with the translocation of external sugar to the cytosol (Stambuk et al. 1998; Kikuta et al. 2012) . According to our results, Agt1 is a reversible transporter, also able to export cytosolic trehalose to periplasmic space during stress. Reversible yeast transporters have already been described, such as the maltose transporter Mal61 (van der Rest et al. 1995) and the channel protein Fps1, which controls intracellular accumulation and release of glycerol in response to variations in environmental osmolarity (Luyten et al. 1995) . Active transporters are also able to perform reversible translocation, such as the glutamate symporter, SLC1 (Grewer et al. 2008 Agt1 showed to be important for the protective role exerted by trehalose (Fig. 4) . Agt1 lack did not allow an optimum protection of the membrane, impairing acquisition of thermotolerance, although had not affected trehalose accumulation in response to 40
• C; thermotolerance increased and lipid peroxidation decreased when external trehalose was added (Figs. 4 and 5). These results confirm the need of transporting part of the trehalose synthesized in cytosol to the outside. According to Fig. 6 , Agt1 is localized into vesicles near to the plasma membrane in response to 28-40
• C shift. Agt1 would reach the membrane by fusion of the vesicle with the membrane. By this mechanism Agt1 levels in the membrane increase, ensuring the presence of the trehalose at the outside of the lipid bilayer to confer full protection against severe stress, such as exposure to 51 • C. A similar strategy is used by myocytes and adypocytes to readily increase glucose transport. In those cells, insulin induces membrane trafficking of the GLUT4 from storage vesicles to the plasma membrane, thereby increasing the uptake of glucose from the circulation (Satoh 2014) . Similarly to GLUT4, which is rapidly internalized from the plasma membrane with the end of insulin-stimulus, it was shown that Agt1 is delivered to vacuoles through endocytosis when starved yeast cells face glucose again; for yeast cells, it is a signal of stress recovery which induces trehalose degradation (Hatanaka et al. 2009 ).
Trehalose is not secreted in the medium. Agt1 transports part of the cytosolic trehalose to the cell surface to preserve plasma membrane structure during stress. Trehalose is a kosmotrope (Cray et al 2015) : this means that trehalose/water interaction is stronger than water/water interaction and may be involved in the trehalose ability to stabilize biomolecules during stress. According to preferential exclusion theory, which explains the protective mechanism of trehalose in situations where water is in excess, water is excluded from the biomolecule's hydration layer and ordered around trehalose. This leads to a decrease in the biomolecule hydration layer, restricting its mobility. With the increase in trehalose concentration in the cytosol, or in the periplasmic space, trehalose competes against biomolecule for the available water, acting as a water structure-maker and preserving biomolecules structures during heating (Jain and Roy 2009) . Heating increases water mobility and water loss, which The results represent the mean ± standard deviation of at least three independent experiments. Same symbols mean statistically similar values for P < 0.05.
might favor the interaction of trehalose with the phospholipids of lipid bilayer. This interaction might explain why trehalose exported by Agt1 would not diffuse out of the periplasmic space into the medium. When cells return to non-stress conditions, cytosolic trehalose would be degraded by phosphorylated-Nth1, its active form, while Ath1 would hydrolyze the trehalose present in the outside, producing glucose that might be used as energy for stress recovery. As other works which observed Ath1 in vacuoles and in the cell surface (He et al. 2009 ), we verified that Ath1 is localized in vesicles near the cell surface during stress (Fig. 3) . At 40
• C, a condition which induces trehalose synthesis, Ath1
would be confined in the vesicles, avoiding the degradation of the trehalose present in the cytosol and at the outside of the membrane. The high levels of trehalose during treatment at 40
strains agree with literature, once Nth1 is necessary to maintain the homeostatic balance between synthesis and degradation of this sugar during stress (Mahmud et al. 2012) . Furthermore, by measuring trehalase activities in soluble cell-free extracts, we verified that Ath1 activity increased in response to stress, decreasing when it is over (Fig. 2B) . This supports the conclusion that Ath1 migrates from the vesicles to the cell surface to degrade external trehalose when cells are shifted back to nonstress conditions. Recently, it was shown that Ath1 is translocated from vacuole to cellular periplasm to utilize extracellular trehalose (Tran et al. 2016) . This sorting occurs through the MVB pathway, via by which Ath1 is transported into vacuoles and seems to be down-regulated, favoring Ath1 localization at cell surface. Based on these results, we suggest that Ath1 reaches the outside by fusion of the Ath1-containing vesicles with the plasma membrane to hydrolyze the external trehalose during stress recovery. The mutant strain deficient in Nth1 showed a tiny decrease in trehalose levels after stress recovery, confirming that Nth1 is responsible for hydrolyzing the greatest pool of this disaccharide (cytosolic trehalose). The slight differences on trehalose accumulation between WT and ath1 strains indicate that Ath1 does not influence the homeostatic balance as Nth1. The protection against lipid peroxidation due to the maintenance of high trehalose levels obtained by trehalase deficiency (Fig. 5) confirms the antioxidant properties of trehalose (Oku et al. 2003) . Although lipid peroxidation impairs thermotolerance, it is not the unique factor implicated with the capacity to tolerate high temperatures. The highest tolerance showed by nth1 cells during the 40-28-51
• C shift probably is also related to the protective effect of trehalose against protein denaturation and aggregation and not exclusively to its capacity to avoid lipid oxidation. A recent work verified the potential ability of trehalose to confer tolerance to severe desiccation by constitutively overexpressing Agt1 in yeast cells growing in the presence of 1% trehalose (10 4 μg/mL). By this strategy, the intracellular trehalose concentration increased from 10 to 60 μg/mL; however, trehalose levels only increased substantially, reaching 170 μg/mL, under Nth1 deficiency (Tapia et al. 2015) . This means that cytosolic Nth1 trehalase is able to hydrolyze external trehalose. On the other hand, some works have demonstrated that growth of yeast cells on trehalose is dependent on Ath1 (Maicas, Guirao-Abad and Argüelles 2016). Since the presence of free trehalose in nature is rare, it is intriguing that yeast cells have two different pathways (Agt1/Nth1 and Ath1/glucose transporters) only to use this disaccharide as carbon source. One possible explanation would be that Nth1 and Ath1 have different roles under physiological conditions. Some characteristics of Agt1, such as low expression in exponentially growth on glucose (under catabolite repression) and high expression in stationary phase (glucose starvation) or in response to heat stress (Fig. 6) , when the trehalose level in the cell is high (Fig. 1) , are similar to the metabolic expression is induced leading to trehalose synthesis from glucose-6 phosphate (G6P) and uridine diphosphate glucose (UDPG). Intracellular trehalose is not degraded because Nth1 is non-phosphorylated. Agt1 and Ath1 expression are also induced. Agt1 reaches the plasma membrane by fusion of Agt1 containing vesicle with the membrane (1). The stress triggers Agt1 to insert into the membrane so that trehalose can be exported from the cytosol to the outside of the lipid bilayer (2). Trehalose must be present on both sides of the lipid bilayer for proper stabilization of the membrane structure during stress. During stress, Ath1 does not hydrolyze neither cytosolic trehalose nor trehalose present in the outside because it is confined into vesicles. During stress recovery, the levels of intracellular trehalose decrease due to inhibition of TPS and activation of Nth1, which occurs through phosphorylation; Atg1 is internalized into vesicles. Ath1 reaches the periplasmic space by fusion of Ath1 containing vesicles with the plasma membrane (1). In that way, Ath1 hydrolizes trehalose present on the outside of the lipid bilayer (2). Glucose produced from trehalose hydrolysis is used by cells for recovery from heat stress.
regulation of Ath1 (Maicas, Guirao-Abad and Argüelles 2016) , suggesting a coordinated physiological role for Ath1 and Agt1. Figure 7 proposes a model of how cytosolic trehalose reaches the cellular surface during mild stress (via Agt1) and is hydrolyzed when cells return to non-stress condition (via Ath1). A better knowledge of how organisms use trehalose to survive adverse environmental conditions has a great impact for biotechnological and clinical applications.
CONCLUSION
Our results emphasize the importance of trehalose to protect the cells against thermals stress. This work showed that Agt1 is important to ensure the presence of trehalose at the outside of the membrane conferring protection to the membrane against damage imposed by thermal stress. The external trehalose would be hydrolyzed by Ath1 producing glucose to stress recovery. Agt1 and Ath1 would reach the cell surface by fusion of vesicles containing them with the plasma membrane but at different moments: Agt1 would reach the plasma membrane when cells would be synthesizing trehalose and Ath1 would reach the outside when cells would return to non-stress condition, which induces trehalose hydrolysis.
